The understanding of how the structure rules the several properties that distinguish amorphous solids from crystals is important for a technological progress, regarding several applications. The random network structure that characterises amorphous solids and causes the loose of a long-range order forces the research to a continuous efforts in order to explain all the properties that differ from crystals, through the creation of models without using the Bloch theorem, which is based on the periodicity of the lattice. This aspect of amorphous structure is responsible of interesting feature. In this work the optical properties, related to the electronic density of states, and mechanical properties, regarding the internal friction, are compared by their relationship with the topological defects of structure in a short-medium-range order. In particular, by studying the optical and mechanical properties of oxides suitable for gravitational-wave detectors, a correlation between the Urbach energy, related to the exponential behaviour of the absorption edge caused by the transition from localized to extended states in the electronic density of states, and the internal friction, related to the energy dissipation in a two level system model, has been found.
I. INTRODUCTION
Amorphous materials found important technological applications in the most varied fields, ranging from optoelectronics to mechanical resonators [1] . The need of improving materials performance pushes the research to a deeper understanding of basic phenomena, underlying the physical properties unique to these systems. In gravitational-wave astronomy, high quality Bragg mirrors made of amorphous oxide coatings are adopted in large ground-based gravitational-wave detectors (GWD). In fact, oxide coatings provide extremely low optical absorption and low thermal noise. The former is of fundamental importance in such interferometric GWD, where high reflectivity is required for mirrors, the latter is crucial in order to reduce mechanical loss and reach the required sensitivity. Nowadays, Bragg reflector of silica (SiO 2 ) and titania-doped tantala (Ti:Ta 2 O 5 ) deposited by ion beam sputtering (IBS) on fused silica substrate have been adopted by Advanced LIGO (aLIGO) [2] and Advanced Virgo (AdV) [3] , whereas SiO2 and tantala (Ta 2 O 5 ) deposited by IBS on a sapphire (Al 2 O 3 ) substrate is adopted by KAGRA. Such mirrors are developed in order to comply with the specification required by the detectors and for this reason the coatings undergo a deep optical and mechanical characterisation. Despite their high-quality optical properties and uniformity, these coatings are the dominant source of thermal noise, limiting the detectors sensitivity in the detection band 10 2 -10 3 Hz. According to the fluctuationdissipation theorem, thermal noise arises from thermally * a.amato@lma.in2p3.fr induced dissipation mechanism described by the internal friction of the material. There are different strategies in lowering the internal friction of coating materials. Great improvements were obtained by doping the oxide amorphous coating and performing a post deposition heating treatment. However, the comprehension of the mechanisms leading to these improvements is still not satisfactory. Recently a correlation between the internal friction and the local atomic structure of the amorphous materials has been highlighted in different oxide [4, 5] , while a link with short and medium range order as been proposed in [6] , pointing out that the key of such comprehension resides in the knowledge of the amorphous atomic structure at short as well as at medium range. On the other hand, optical measurements are performed to investigate the refractive index or to characterize the extremely low optical absorption at the operational laser wavelength 1064 nm of interest for GWD. These information are definitely essential to design suitable mirrors but they do not provide a direct link to the coating's atomic structure. More interesting optical properties, related to the absorption edge in the near UV region [7, 8] , can be linked to the atomic structure since the optical absorption edge is primarily determined by the electronic density of state (DOS). In 1953 F. Urbach pointed out an exponential increase of the absorption coefficient with the photon energy [9] and this behaviour has been experimentally observed for a variety of crystalline and amorphous materials. In amorphous semiconductors such Urbach behaviour of the optical absorption edge is observed in a wide temperature range and is related to a typical broadening of the DOS, called Urbach tails, due to structural disorder. Indeed, exponential behaviour can be observed by absorption measurement, through the evaluation of the imaginary part of the refractive index. Recent works [10] [11] [12] have pointed out a precise relationship between Urbach broadening and the topological organization of the structural disorder. Thus an accurate characterization of the Urbach tails is important. This can be done with absorption measurement or performing spectroscopic ellipsometry (SE) measurement. In this paper we present the first experimental evidence of a correlation between mechanical loss and the extention of the Urbach tails in an amorphous semiconductor. The study concerns materials deposited at Laboratoire des Matériaux Avancés (LMA) currently used in GWD [13] , using a custom made coater machine, the so-called Grand Coater (GC), and niobium oxide (Nb 2 O 5 ) also mixed with titanium (Nb:TiO 2 ), tested in order to find a new material suitable for GWD. In particular, SE measurements on IBS Ta 2 O 5 , Ti:Ta 2 O 5 , Nb 2 O 5 and Nb:TiO 2 have been performed to obtain information about the absorption, whereas the resonant method has been used for the coating loss angle. High-reflective coatings for GW detectors undergo a standard post-deposition heating treatment at 500℃ for 10 hours, to reduce optical and mechanical losses. For this reason, the results refer to the samples before and after the annealing.
II. URBACH TAILS AND OPTICAL CHARACTERIZATION
The Urbach behaviour of the absorption edge in amorphous semiconductors is assigned to transitions between localized and delocalized electronic state. The typical optical transitions observed by our system in the DOS, regard the transitions between the initial localized state in the exponential valence band tail and the extended state in the conduction band. In this sense, the absorption coefficient which describes this transitions reads
where E 0 is the energy limit of the extended band-like states and the Urbach energy E U characterizes the energy spread of the tail decay into the gap due to lattice disorder. Exploiting SE it is possible to obtain information of the absorption edge of the analysed coating, by modeling the complex dielectric function ε and fitting the (Ψ, ∆) data [14] . Recent work on the oxides under investigation [7, 15] , show that the KK-consistent CodyLorentz (CL) formula [16] , which represents ε, provides an adequate SE data interpretation in a wide energy region, containing the absorption edge. For this reason, the imaginary part of the dielectric function ε 2 , has been modelled by CL model, where the Urbach energy is a parameter included in the fitting procedure. By using the relation α(E) = (ε 2 E)/( cn), where n is the refractive index, it is possible to obtain the absorption coefficient from the adopted model (figure 1). Following equation 1, the inverse of the slope of the absorption curve in logarithmic scale is proportional to E U . Under this consideration, from figure 1, it is clearly evident that the annealing reduces E U parameter and hence the presence of the Urbach tails. This means that the heating treatment reduces the tails in the electronic DOS, leading to the statement of a more ordered structure after the annealing, where the correlated topological defects are spatially less extended. In the same way, the mixed oxide have a structure slightly different with respect to the undoped one, reducing the E U parameter. The values of the Urbach energies obtained by the fit using CL model are showed in table I.
A. Mechanical Characterization
Internal friction of coated silica disk-shaped resonators (3" of diameter and 1 mm thick) are investigated by the resonant method [17] using the Gentle Nodal Suspension (GeNS) [18] [19] [20] [21] . The materials under investigation are inelastic solids, accordingly the vibration of each resonance frequency decay with a characteristic ring-down time τ which is related to the mechanical loss angle φ of the sample. Each resonance mode is related to a loss angle which dissipates the stored energy of a specific element composing the total system [22] . Considering a system composed on substrate with homogeneous and isotropic coating material, the total loss angle of the sample reads
where φ s and φ c are the loss angle associated to the internal friction of the substrate and the coating respectively and D = E c /E is the dilution factor of the system i.e. the energy stored in the coating E c during the deformation over the total energy of the system E. By admitting that the stored energy during the deformation depends on the elastic parameters of the system, it is possible to relate the dilution factor to the shift of resonance frequencies caused by the coating deposition. In that sense, for thin disk with homogeneous coating covering the entire surface of the substrate, we obtain
where f s , f tot , m s and m tot are the frequencies resonance and the mass of the sample before and after the coating deposition. In figure 2 
FIG. 2. Coating loss angle as function of frequency for Ta2O5
(blue) and Ti:Ta2O5 (green) coating before and after the annealing.
III. CORRELATION BETWEEN MECHANICAL LOSS AND URBACH ENERGY
Some theoretical works investigate the correlation between Urbach tails, electronic DOS, atomic structure and morphology. Interesting results are obtained by atomistic modelling of amorphous silicon [11] : molecular dynamics methods show that after the relaxation of the simulated structure an exponential valence tail appears in the electronic DOS. An inverse participation ratio (IPR) analysis shows that the extreme tail eigenstates are primary localized on topological filament (TF) of short bond. Such TF are due to structural relaxation induced by the presence of point defects or a very short bond. Analogous structure accounts for the band tails in amorphous SiO 2 . In this sense, a stressed structure presents topological defects extended in a medium-long range organisation and the Urbach tails are more broadened. This means that by measuring the extension of the Urbach tails it is possible to obtain information about the structure organisation at medium-long range. Concerning the mechanical investigation of such system, also internal friction of oxide materials depends to the amorphous structure of the materials [23, 24] . In particular, atoms of amorphous material can change position between two metastable energy 
FIG. 3. Coating loss angle as function of Urbach energy.
The circled points refer to as deposited samples whereas the squared to the samples after the heating treatment. The correlation is verified considering two different coating, the Ta2O5 (blue) and the TiO2Ta2O5 (green).
levels, in a model having two level system (TLS) distribution, dissipating a certain amount of energy during the process. Electron diffraction patterns of tantala and titania-doped tantala has been measured by Transmission Electron Microscope (TEM) showing a correlation between the coating loss angle and the reduced density functions computed by the Fourier transform of the averaged reduced scattering intensity [4] . In particular, the loss angle of more inhomogeneous structure is higher than the homogeneous one. Under this assumption, since the Urbach tails of doped oxide are less extended than the undoped one, the structure of the doped material presents more topological defects locally constricted than the undoped one, with a resulting more homogeneous structure and hence a lower coating loss angle. The same consideration can be done for the annealing which allows the structure to reconfigure the atomic positions in a more ordinate system and hence to obtain a lower coating loss angle. For this reason, it is reasonable to assume a correlation between the Urbach energy E U and the coating loss angle. In figure 3 it is showed the coating loss angle as function of E U . It is evident a linear trend of the resulting curve, confirming the previous statement of the correlation. The values of the data showed in figure 3 are listed in table I.
IV. CONCLUSION
The structure of amorphous material is the key parameter for the understanding of solid properties which distinguish amorphous materials from crystals. It is known that a more ordinate system leads to a lower internal friction by reducing the density of TLS involved in the dissipation. The Urbach energy is a parameter which quantifies the homogeneity of the structure by absorption investigation. In this work, both internal friction and Urbach energy have been studied for Ta 2 O 5 and Nb 2 O 5 coating materials, under different condition regarding the mixing with TiO 2 and a post-deposition heating treatment at 500℃ for 10 hours. The annealing relaxes the structure of coating materials, leading to a reorganization of the atomic positions where topological defects result less extended. In the same way, a certain amount of doping forces the structure in a system where the extension of topological defects are spatially constricted, as confirmed by the reduction of the Urbach tails. The annealing and the doping eventually act in the same way, leading to a correlation between the loss angle and the Urbach energy. It is natural to think that the doping may induces disorder in the structure and hence an extension of topological defects because of the different atoms size but since there is a correlation between E U and φ, it is reasonable to assume that the right quantity of doping percentage forces the structure in a more homogeneous system and eventually to obtain a lower E U and the minimum values of the coating loss angle. The statement of the correlation is still valid analysing two different oxide coating materials, suggesting a general rather than specific validity of such properties.
